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0 UTECARY 


This report presents the results of experiments on a device for 












produgine thrust for underwater propulsion. The orinciple of tho device 
is based on asceleratin: » larre mass of water by expansion of a small 
mass of cas, the ess heine injected continuously into the water. The 
investiration consisted of tests conducted on ducts of several differents 
desienss; varying the exit erea of the ducts, tie water and res flow, and 
the method of injeoting snd mixing the ras and wevr. 
Vesine hydroeen pes at a rate of 0.0165 lbs/sec at a water flow rate 
of 27.4 lbe/seo, a maximum proses thrust of 29.2 los was obtained. As 
this water flow rate the internal friction drep of she duct was 20.5 lbs, 
givins e net thrust of &.7 ibs. The effective exhaist volosit~ for these 
flow rates was 56,900 ft/sec. This is equivalent to a speaific inpulse 


of 1,770 sec., whereas a food conventional rocket fuel would have a 


specific impulse of about 250 sec. At low gas flow rates an effeative 





4 
exhaust velocity of 2°6,000 ft/sec. was obtained. flowever, at this low 


gas rate the rross thrust was less than the internal friction dra’ of 
the duot. 
Effective exhaust velovity is aefined as sross thrust divided 


by tho mass floa rite of gas, and sas the dimensions of velocity. 
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Tre desirability of a device for ung@erwater propulsio: usin? dae 
ans injeasies ig anelogeus to the desirability of the ranjes for propuleamm 
ere. roveilers for unuervater propulsion sre limited by 
nioeh occur at excessive tin speeds. nventional rookot 
nos idecl Por underwater prepulsion since all of the mass exvelied Pus 
be cérriecd within the racket. Tor efficient hich speed propulsion then, 
a device is necded which uses' a small mass of self-contained fuel to ac= 
celerate a lerre mess of ambient fluid. In ‘the ranjet the ambient 
is air, while in the hydroduct it is water. Tho hydropulse is based on 
the same prineivle as the hydroduot, but operates internittenth 
of continucusly. 

The nurpose of the investirpation covered vy this report was to de=- 
termine a desien for a jiydroduot which would produce an effeotive thrust. 
In order to accomplish this purpose, ducts of several different shaves 
and dirensions were tested. The experinentel results obtained wore then 
compared with theoretical values to determine the relative <i 
of each desi~a. For ras rates at which positive not thrust was produce: 
experimental values were very much lower than theoretical. Therefore, 
various methods of increasing the performances eat high ras rates were in= 


¢ 


vesticated. These methods were: inereasine the water flow rate, injecting 


the mas so that propor mixing would take place, installing devices to 
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promote turbulence in the rixinr seation, and adding de Lavel nogzies to 
the exit section. 


Further investirntion is necessery to determine the optimum des 
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for a hydroduot. It is beiieved thut further experiments will bring the 


performence as liish: cas rates closer to theorstical values. 


4 


SS 
1% 


Ctier Lvestigeutions have sce. inde oi the iydrodust principle. ‘ie 
prelininery theoretical worl. was done by Dr. J. V. Sheryk, Jet Propulsion 
LavoratoryeCaL IT, prorress Repor's Oe 292, G Novenber 1943. Sono Pest 
work was done by yrdr. J. J. Berenowski, 7.S.y. end ‘Lt. comdr. D. fe 
Soller, 7.8.%., using a duet of fixed desirn bad verying che water end 
eas flowe R.e 4 Brumfield has written a technical memorandum for the 
Underwater Ordnance Division, OTS, concerning the hydroduot for torpedo 
propuision. : 

This investization was conducted at the Hydrodynamics Seotion of 


the Jet Propulsion Laboratory, California Instit ite of Technology, Pa: 


California. : 








DESCRIPTIOWU OF APPARATUS 



















The apparatus used in performing the experiments may be dividod into 
four rseneral subdivisions : 
(1) Tho hydroduct body. 
(2) The water supply systen. 
(3) Tho thrust measuring device. 
(4) The fas supply systen. 
Te hydroduct bodies (firires la, 1c, 5a, and &) aonsisted of three 
major parts; the entrance and diffisine section, the ras injection and 


mixins section and the contracting section with outlet nozzle. Ali sec: 
were made of licito to afford observation of the fluid flow. Three differe: 
diffuser sections (figures la, ic, and 8) were used to obtain deta for de 
terninine the effect of this seotion on the overall performance of the du 
Fisare lb shows the loa»tion of the eirht 1/4-inch as supply tabes on the 
porivhory of the ras injection eid mixing section. Inside the mixing sec-= 
tion vasious types of devices for inducins turbulence were used. These . 
are showi in firures Sb, Se, and Sd. Fisuroe 52 shows a grid of evenly 
spaced acre bars. Fisura 5c shows beads strunr on wires to form a 
form nether: of e.herea. PFimure Sd shows a combination injeator and 
"taryalator"’. The contracting section had a 2" inside diameter exit nozzle. 
To vary the exit croa, nozzles havine 1" .62 and 1" .44 inside disneters 
could be secured to tt. 2" section. The hydroduct body in ficure 8 also 


provided for the atvtachnent of de Level nozzles to the 1" .44 oxit section. 


Prossure rares wore located at the ersrance, injection, and outlet sections. 



















The water gaupply to the dict was obtained from a 4" dianeter main. 
This was reduced to a 2" dianetor and finally to a i" dianeter at the en= 
trance of the duct. A gate valvo in the main line was used to control 
the water flow. The rate of flow wus indicated by a mercury manometer 
whioh messirod the pressure drop across a calibrated orifice. Calibra- 
tion curves of manometer readinrs vs. water flow in callons per minute 
were plotted to obtain the mass rate of flow. The orifice plate used 
desizned to measure flow retes from 60 to 220 gallons per minute, siving 
an approximate maximum inlet veloaity of SO ft/sec. 

The duct was mounted in a cradle, firure 18 , which roiled on and 
was guided by ball bearinces. The thruet measuring device was attached to 
the cradle. Thrust was moesured by the dofleotion of a sylphon vellows- 
spring onmbination, figure le . The volumetric chanre inside the bellows 
aotuated a column of liquid in a manomeser from which the thrust could be 
reedily obtained. ‘s shown in tne ficure, two sylphon bellows were used 
in order to measure the thrust when it was less than or groater tran the 

= 
drac produced by the water flowin; throuch the duct. , 

The vas supply systen consisted of three main parts; the cas weiching 
device, the ~as flow rate control devices, and the gas injectors in the 
duct. The vas woiv~hine devices consisted of a bean balance resin on a 
lnife edre. The gas supply Lottle wes mounted on ong end of the valance, 
and compensatins weichts on the other end. (Figure 12). As gas was used 
from the bottle, the moverent of the balance was recorded voy means of a 
riicronetor diel indicator. The difference in readings of the disl before 
and after arm ave tho weicht of ras used. Calibration curves of dial 


ae 
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to the injectrrs. This system provided a very flexible and effective scon= 



















reading vs. pounds of sas wero meade for use in ealevlations. The acaurascy 
of the device was hich since one division on the misroneter represented 
0.65 prems of ers. The connections to the mens bottle for refilling wen 
permanent fittings. These lines were so attached that they wero free to 
move with the balance, and their only effect was to slightly daw its 
motion. The time of each rin was recorded with a stop watch sand thus 
the averare mess rate of Plow durins the run was determined. 

The cas fron the suonly bottle passed through a dehydrator made of 
porous metal and containing potessiun hydroxide, and then through a pressure 
reeulator into the injector supply manifold. The manifold had one inlet 


stop valve snd separate stop valves for the eight ras supply lines lesding 


A dal 


trol for the ras sunply to the duct. The injectors usec were of three 
main types; the perforated type shown in fisure I sectionu-C, the open 
end tyme shown in fifure I section Be3, and the porous metal tyne shown 
in figure Jb. The perrorated tyne hed eas outiet holes drilled in dia= 
metriaall, opposite lings salons tha sides of the tubes. The tubes could 
be rotated eo that the cas flow aould be directed in any desired direct 
relative to the water flow in the dict. The onen ond type was not pere 
forated pnd vervitted only the 1/4" diameter ras outlet at the distal end 
of the tube. The Ddorous metal type coftigeee of a hollow thin walled 

gas chanbor made of porous bronze. Gas from inside this chanber passed 


throumi the ninute nassares in the porous walis into the mixing section 


of the dict. 
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TEST PPROCEDIRE , 
the procedure fer condactins a test or ian may bo listed in the 
followinc steps: 
(1) Onen water nin cate valvo end esta lish cesired water flow rate 
throuch dust. 
(2) Adjust eas pressure to rive desired flow rate of ras. 
(8) Reeord the followinre roadinzs: 
(c) Water flow manometer. 
(b) Dial indicator on sos weichin= device. 


(ac) Thrust manoneter. 





(i) Pressure at entrance, injeation, and outlet sections 
of the duct. 
(4) Oven individnal gas injector stop valves. 
(5) Open stop valve to fas manifold and start watch simalteaneousl,. 
(8) Pecord the following readinrcs: 
(a) Water flow mmoneter. 
(b) Thrust menoneter. 
(c) Pressure at entraice, injection, and outlet sabtione 
of the duct. 
(d) Gas rerulator prossure. 
(7) ‘wake visual observation of fluid flow and nixine darinse run. 
(fF) AS end of run alose stop valve to pas manifolds stop wetch. 
{c) Reoord tho followinre readin-s; 
(a) Tine of run. 
(>) Dial indicator on eas weirhing device. 
(c) Thrust manroneter. 


(d) Water flow riaomter. 


ae 
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SYMBOLS 


Subsoript 1 refers to conditions at inlet of hydroduct. 





Subdserint 2 refers to conditions at end of diffuser bofore <as is injected. 
Supserint 3 refers to conditions at mixins section after ig is initoeated. 
Subsocrivt 4 rofers to eonditions at exit of hydroduct. 
Subsorips f refers to water. 

Subsoript sf refers to pas. 

Mo subserint denotes conditions at any arvitrary section. 
F - Thrust (lbs.) 

Yetf, 


u = velocity (ft/sec) 


- Effective oxhaist velocity a ) (£t. /s64. ) 
hier 


pressure (1>/in@) 


one 
~T « Temmoeratiro (° R.) 

0 - Density (slic 943) 

R ~ Frcineerine eas constant ( BTU ) 
ae slug °R 


"eo 
A = Area of eross seotion (ft) 


V = Voluve (ft.°) 
m = Molecular weiczht (lbs) 
. «- Mass (slurs) 


, M 
i= ‘ass ratio of mas to wator (4) 
Af? 


* e¢ @ ? Ce * 
o- Dynemia prossure-stetia »oressuro ratio ( =) 
t 


§ - Gas-water volume ratio ( oe ) 
> 


a, - Velocity of sound in mixture of sas and wator. 


a. - Velocity of sound in fas. 


ic 
27= 








In this analysis the following assumptions are made. 


(2) 
(2) 
(3) 
(4) 


. (7) 


(8) 


reference 3 
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ATALWSIS AD DISCUSSION 


Tho mes obeys the laws of a perfect sas. 
The liquid is incompressible. 


Prictional losses are neglected. 






Mixing is perfectly completed in the gas injection and 
mixing seotion. 

The velocity in the mixing section is nerligible. 

The thernodynanic process of the mixture is adiabatic and 
is equivalent to the isothermal exvension of the gas elone.* 
The pressure at the entrance seation (4) equals the pressur 
at the exhaust nozzle (P,). 


The pressure of the pas and tho mixture are the same. 


Jet Propulsion (Air Technical Service Corr-and) paze 502. 





“y 
Ae Entrance and Diffuser Section 


Fundawiental equations: 


(a) @ AA= mM 
(d) p+ Par = constant 
From (a) and (b) 
CP, 4,4, = PL v4, Ay 
Since 0, = Py = Pgs constant 
A, 





: P, = P+ SMT fe 


The diffuser efficiency (1) must also be considered. 


PL (Ico) 
as P+ to, 


+ L ! 
1G I (P, Oa , he ) = iF. Cactual]) 
B. Gas Injection and iiixing Section 


Let M=z=Mg + M<5s and A = Me 


Now p - a = My Ms 


- ie 
Sd P4 Cs 


-9- 








9 


Ee wee UY bi+ A og 


waich 


| ‘4 2 
fer. =a i: ay | 


is the general expression for the density of the sixture. It is 
well to note at tunis point that all terms on the risht side of 

ie 
equation III are constant except for Vg. Since Py . RT3 ; 
Where P is the only pressure acting in the mixture and is assumed 


to equal the pressures of the gas, equation III becomes 
wntl.tHy ty Aas 

@ > ast L 3 P a 

Since the heut capacity of the Liquid is much eraater than 
that of the gas, and since the gas is injected as small bubdliss 
wnich give instantaneous heat transfer from the liquid to the gas; 
the temperature of the mixture may be assumed to be constant and 
equal to the water temperature. Therefore equation IV gives a 


direct relation between the pressure and density of the mixture. 
From Gen “A, Ay = eee “aaa Ms , A3=Ar 
wae. \ ne | 





te obtain A 5 


l4+ 2a 


C7 As PsA | oo: | 


Os 
From the momentun equation: 


= [P A Come 
7 tg te Se | 1~ oe 


Cs Ly ti a | 


wo 


| eee a 


P37 Pr + 04 A” ns Cit“) Cr+ a.) 


From the equations III and V and continuity 


VI Py= PL 4 Pg an CRY Lie Gad (re &)) 


, 


1198 








A | 


ve &xXit Nozzle Section 


From Newton's law of motion np neglecting friction, 
d 
Adu F =- = 


'G 
Raq Uv. 
S4 | Z L + + 2 | 
nce 7 = Dat As JA [? : 
J? 4 Ko : a 
widue + Dor | ge te ei |: UL 


As discussed before, the pressure tern 1§ 2 variable and 


is assumed to follow a themodjnanic provess which is isothermal. 


Frm Ps OP - fk, I> 
a: ° ae 


Subsituting for constant Re T 
» 


d cas “fa |e 
= adas Sr La + Sup 0 


Upon integrating thse above between P, and Py the following 


result is obtained. 








g es - as 
ere A UP = |r an 
oer Cs (M41) SUN FP pat 05, In 
Since A, ~O 7 
ia am Vs for ‘ 
Ay 2 oy LPa- Pal * ear 9% OM 
but ee 1, 
and : de 
= | P, - P| = ~ 
3 fo) 
2 | Ge tee a 
ae f+ 2 = ae G A (a>) 
‘ a 
> P., fi {+ a 5, 4, 
y PT P, 


ms 





——s 








= ! 
So: |—— | = P 
A, Mie A, C93 a Py 
5 LA, 
Let =X Tae, 
; fe 


Cy 
Tt) 
—_ 
=o 
a | 
> | 





and since tt = Pe | 
Cos P34 Pa. 
iA a 
ou (2)* = Lf 44 2 mn (na) 
1 Dias > { | 2 


The thrust of the hydroduct is 
oo ax N- ; .S ; 
LS (Mo+ Ms) uy - ya, th, 
a To express the effective exhuust velocity in a Convenient 


manner for comparison with a rocket motor. 
IA aa Ja + | L\ = aa : 
€t+¢, a Ns /1A 4 4a 


Subsituting equation VIII in the above, 








a F 
i7~ rr a = 
- 


—_—— a 7" 7 
4, | A i) | _i = 
m ess, aa yore i 


Bffective Area Ratio = —. 


a. . Jt 4 2 eee 
Ce UE L 


% ( u41) AM = 04 Aa Uy 





Aq 1A : Pe | 
A, 7 Ay Ee . ‘ P49 5 


Ses 








iy 


FD 


Ag LA . 
x ae 114 S| 


A, ‘Aq 

A plot of AsfAy and 3 is shown in figure 11 from woich the 
optimum arsa ratios for a given 4 can be obtained. 
D. Calculation of the Sneed of Sound in the Mixture. (a) 

From the general equation of the density of the mixture. 


l { i ith Ika T: 
eo = wer L $0 ee ] 


mae |: _ | Afr ; 
Ci ae. * Jan oe ai m Jar] 


sgefore the differentiation can be completed a thernodynamic 


process for the gas must be assimec. Two different cases will be 





considered. 
(1) Isothernal (T,, = constant) 
2 A+ | Noe 
te ate 1) 


ji 


4 x3" 4 \* 
A i ae ; ae 
JA +1 r via (74 


ihere \= ratio of svecific heats for the gas. 


For the section of inter:st, tne exhaust section. 


—— 


| _ a. ae ie | 
el Lin = See (+) a4 ~ | 


(2) Adfabatic process 


By differentation as before: 


; ae rrr) | | 
Oem ee rae =a 
A ) = y AA + ] my 


in the exhaust section. 


-13~ 











For Lydrocen gas at stardard conditions and | of .0054, the 
Couputed speeds of sound in the mixture are 70 f5/see. for isothermal 
assuiotions and 83 ft/se-. for adiabatie assumptions. These values 
correspond to a ra or 2605 as siown in figure 13. «at first these 
values see.1 toelow, since the spsed of sound is high in voth water 
and hydrogen. with the following reasoning nowever it is seen that 
Sonic velocity is low in the aixturs. 

The water is incompressible, the gas is compmssible; therefore 


the elastic prmvzertie: of the minture are deter.ined by the gas. The 





mass of the mixture is detersined by the liquid. This gas is anal>,gous 
to a apring with s given spring constant "k” which is loaded vith . 
Small mass “mm” equal to the mass of the gas. Loaded in this manner 
the frequency is: aaa 
$= Vimy 
Now consider the load on the spring increased by an amount 
equal to the mass of the water "i". The spring constant frequency 


bow bee@ause: , oa 


$4 * | maam 
which is much lower than the former value because of the added 
mass and the elasticity of the wring. Such is the case in the 
mixture of 228 and vater. The velocity of sound is greatly reduced 
by the elasti-ity of the gas and the mass of the water. 


One other effect can be seen from the equations for the speed 


- 
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of sound as derived. A.B DA increases 9 will also increase. in 
other words, ac the ratio of the macs of gas to the mass of liquid 
increases the ratio of the volume of gas to the volume of Liquid 
incmeses. The effect on the speed of s.und with increasing % 
is given in figure lo. 

figure 134 also shows the variations of theoretical exhaust 
velocity Uz with increasing S . The maximum values of § for 


U, less thar sonic velocity are 0.15 and 0.3 for the isothernal 


A. 
and adiabatic equaticns raszeuviively. Experimentul weults, 
srewn ia figure 7, indicate a maximum value of Soproximately 
det for & before the vhoking effect of sonic velocity in the 
@€xXit section reduces the overali performance. Since the 

experimental value checks closely with the adiabstic equation 


for the speed of sound in a mixture, the adiabatic assumption 


must ver, closely anzroach actual conditions, 


=| 2 











RESULTS 7 
In order to similate a hydroduot moving through the water a free 


strean of water was allowed to enter the model. This method was adopted 


because of the ease of taking data and because no towing oarriare was 


available for moving the duat through the water. It is somewhat dif~ 
ferent from forcing water into the entrance by some device, such as a 
flexible hose rigidly clamped to the duot. If the latter were done 
the duat would be similar to the nozzle of a hose in that no matter 
what pressure gradients were built up, the exit end of the duct would 
be the only means of escape. On the other hand pressure ooourring in 
a hydroduat moving through the water might foroe part of the water 


out through the entrance instead of the exit. By not having any 


gonnection between the water pipe and the entranoe aotual conditions 


were simuleted as alosely as possible. In some tuns both water and 
eas wore forced out of the forward end of the duct. 

Three diffuser sections were tested. The short, wide-anple 
diffuser showm in figure Ia, did not give good pressure recovery. when 
sufficient fas was injected into the mixing section however, enough 
back pressure was built - in the diffuser to prevent separation of 
flow from the wall. Under these conditions there was sufficient 
pressure recovery from the inlet to the injection section to obtain 
a satisfactory expansion of the ras in the outlet nosgle. The dis= 
adventare of obtaining pressure by this means was that the pressure 
in the diffuser section foroed part of the sas and water out through 
the entrance of the duct. The advantage of this type of diffuser 


was that larce scale turbulence was produced in the mixing section. 














This tarbulence caused complete mixing of the gas and water. The 
efficiency of the diffuser shown in figure Io was quite high, the 
pressure recovery being aporoximately 90%. This diffusor did not 
produce turbulence in the mixing section however. Since the strean 
velodity at sno Dial ite section was only about 3 ft/sec at a water 
rate of 27.4 lbs/seo, the gas bubbles were allowed sufficient time 
to rise and colleot in the upper part of the duct, with a resulte 
ing decrease in performance of the duot.(Figure 16). 

In order to obtain both pressure recovery and good mixing 
conditions, various devices for produging turbulenes were installed 


in the diffuser and the mixing section. Figure Io shows a 2 1/2" 


‘I.De steel pipe with a flange at one end. The turbulence aaused by 


water from the pipe entering the 6".25 diameter mixing section was 
comparable to the turbulence produced by the diffuser of figure le. 
However, in this case water and gas were not forced out the entranoe 
to the duct. The disadvantages of the pipe were that it decreased 
the leneth of the diffuser and inoreased the friotional drac of 
the duct. Firure 5 shows devices which were installed in the mixine 
section to induce turbud@enoce. Firure 6 shows the results obtained 
using these "turbulators". At a fas to water volume ration of 2.0, 
for hydrogen gas on pe thrust obtained using the pattern of 
spheres was 15.4 lbs. compared to a gross thrust of 18.2 lbs. using 
the grid of 1/4" tubes under the same conditions. For the same 
conditions, but with no "turbulator" installed, the gross thrust 
was only 11.9 lbs. 

Figure § indicates the results of experiments to determine the 


effects of bubble size of the cas injoeated on the performance of the 


=] F= 











duct. Four types of injectors shown in figure lb wore tested at 
both high end low water rates. The open end 1/4" tubes gave the 
larrest bubble size. Tubes with 1/32" holes drilled along the sides 
rave the next largest bubbles. Tubes with No. 79 holes gave very 
small bubbles. Porous metal injectors produced numerous streams 
of fine bubbles. At low gas rates (rates for whioh a positive net 
thrust was not obtained) the results were scattered. Contrary to 
what might be expected, the open end tubes whish produeed the larg- 
est bubbles gave the highest value of effeative exhaust velogity. 
At high gas rates there was very little difference between the 
results obtained using the various injeotors, indicating that for 
practical purposes the size of bubbles injected is not oritical, 
Two feneral types of converging nozzles were used in the exit 
sudtion. The first type shown in figure 5a, had a small inoluded 
angle and gave very smooth flow. Its length however was approx- 
imately one half the total duct length. As a result of this length 
and Sipe eonvaaneata, velocity increased relatively slowly from the 
mixing seotion to the exit and fas bubbles had time to rise. Large 
accumllations of gas in the top of the duot oaused uneven performance. 
As a result of these experiments @® second exit section was 
designed (fieure 8). I+ had a moh greater inaluded angle which 
with its length of about one fourth total duct lencth causing 
very rapid velocity increase. With this short len¢eth and rapid 
convergence, bubbles hed no time to rise and smooth performance 
resulted. Other performance factors were not affected by the shape 
of the sonverrent section. 


Various ratios of entrance area to exit area were tested alrays 
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maintaining the exit area (A4) greater than the oe area (Al). 
As was expected, using large ratios of A4/AY oaused an increase in 
the amount of ras which oould be injected at a given water flow rate. 
All exit areas used exhibited a choking phenomena when amounts of 
cas in excess of the maximum called for by the continuity equations 
wore used. When ohoking ocoured, pressures in the duct were built 
up and a larre amount of spray was expelled from the entrance. 

It was found thet this effeot soincided with a leveling off of 

the gross thrust vs. © curve (figure 10). It is possible that if 
sufficient gas were injected for a riven area ratio and water 

flow, gross thrust would reach a maximum with increasing 5. This 
condition was not reached experimentally. 

In the early experiments much trouble was experienced with 
uneven performance. This effeot was very apparent in the exhaust 
stream. Pressures were built up at the exit section and expansion 
took place as the stream left the duct, causing a cone shaped spray 
exhaust (figure 19 )- Caloulation showed that a. jn a gpas-water 
mixture was quite low end it was decided to try a de Laval nozzle 
at tho exit. 

At low flow rates the de lIaval nozzles hed no effect on pere 
formenoce as shown in the lower two ourves in figure 9. These 
sompare results with and without a de Laval nozzle using Hp gas 
and identical flow rates. Effective exhaust velocities were 
almost identioal at all ¢cas flow rates. The exhaust stream was 
straicht with smooth performance and no spray effects. 

At high flow rates the nozzles pave a definite increase in 


performance. The three upper ourves in figure 9 give a direct 
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comparison between two different de Laval nozzles and no nozzle. 
At low values of Ws results were very similar with the curve for 
no nozzle lying between those with nozzles. At higher values of 
Wee use of the de Laval nozzle gave inoreased values of Ueff. 
Exhaust streams were smooth and had no spray effects. Positive 
thrust was obteined for values of gx 1078 lb/seo with effeative 
exhaust velocities of the order of 70,000 ft/sea using hydrogen gas, 
where offeative exhaust velocity is defined as thrust divided by the 
mass of cas injected per second. 

Study of figure 9 shows that increasing water flow rate at a 
steady gas flow rate increases the effective exhaust velocity. It 
water flow is maintained constant, increasing the weight rete of 


gas flow causes a steady decrease in effective exhaust velocity 


from an initial peak. Thrust however increases with increasing W 


&* 


A direct Comparison between nitrogen and hydrogen is given 
in figure 10. Theoretically the two gases should give the sams 
performance for the same volume flow rate. Experimentally No 


gave better performance than Hp, in all cases. 
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VONVLUSICNS 

The hydroduct body should consist of three functional parts--a 
diffuser, a mixing section, and an exit nozzle. The purpose of the 
diffuser is to convert the dynamic pressure of the water entering 
the duct to static pressure at the mixing section. At a constant 
water flow rate, the efficiency of the diffuser determines the 
pressure in the mixing section, which corresponds to hy combustion 
chamber pressure in & rocket motor. ihen a large volume of gas is 
injected into the inixing section, the jrersure is increased. This 
creates a back pressure which tends to prevent eanaration of flow 
fron the diffuser walls. hen the flow separates from the diffuser 
walls, gas is allowed to escape from the inlet end of the duct. A 
well desiened diffuser, in which the flow does not atpexare from 
the walls, prevents this occurrence, except when the chamber pressure 
is Baeiciaue to overcome the dynazic pressure of the entering stream. 

The actual mixing section may be very short, since mixing may 
take place partly in the diffuser and exit secti ns. In an actual 
hydroduct, water reactive chemicals would probably be injected into 
the duct and gas would be generated in the mixing section. Mm 
expermintal work it is more convenient to inject gas aa'é the duct 
through orifices. In order to best approxinate theoretical 
conditions it is desirable to provide the gas well distributed in 


the water. Turbulence inthe mixing section promotes good mixing 


and improves the performance of the duct. 


oBle 











The diameter of the duct at the mixine section is not critical. 
100 siaal1 a diameter does not allow sufficient pressaire recovery; too 
lur-@ a dlaaster reduces the velocity so that turodulence and god 
mixing do not occur. 
The size of zas yubdvles as they are injected into the duct 
has little a the performance. However, if the gas coalesces 
in Large bubbles, much of it does not do work on the water and the 
performance is reduced. ‘hen the +elaetaly in the mixing section 
is below a certain critical value, a large vart of the gas injected 
will rises and collect in the top of the duct. This -us will escape 
intermittently with a loud popping noise. when this occurs, the 
thrust will fluctuate rapidly. . ; 


For each value of § , there is & theoretical optima value 


of A4/A,° If no gas were injected and there were no thrust, Ag 


would be equal to 41, and U4 would be equal to U,- If gas is 


injected, then Ag should be greater than Aye , At low values of 8 
the theoretical optimum value of urea ratio gives the highest 
effective exhaust velocities, but at hich values of 6 the 
effective exhaust velocities are very aeaety the same for different 
values of the areo ratio. The reason for this ie that the velocity 
of sound wo ten mixture is reached at high values of &. Since 
this velocity cannot be exceeded in a contracting nozzle, the 

exit veLocity is very nearly tie same for all ressonable values 

of the srea ratio, hence the thrust is very nearly constant. 


The fact that sonic velocit:’ is reached in the exit section 








is further borne out by the fact that high pressures are bulit 
up at the exit section, causing the mixture to expand after 
leaving the duct. #hen a de Laval noz-le is added to the exit 
section, the thrust ig increased and the operation of the duct 
is noticeably smoother. 

For high ges rates, at whiéh positive net thrust is obtained 
the experimental performanve is considerably lover t:an the theory 
indicates. As the water rate is increased, the experimental 
results more nearly approach the theoretival. A water rate 
higher €han any used in these experiments would probably give 
a further increase in performance. 

When a hydroduct is run at high gas rates, ths thrust 
increuses monotonically as the volume of gas injected is in- 
crcased. This is due to the increase in the velocity of sound 
in the mixture as the gas to water volume ratic is increased. 
Since the velocity of sound limits the exit velocity which can 
be obtained with contractine nozzle, the exit Velocity can 
only be increased by using ao de Laval nozzle or by increasing 
the velocity of sound in the mixture. The latter possibility 
does not seem at all vromising, because either the temperature 
of the gas or the mass ratio of gas to water would tive to 
be increased by a larce factor. 


The optinum area ratio of a de Laval nozzle is a functicn 
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of 8 and tue ratio of the chanser pressure to the ambient 
pressure. ‘the chamber presmire can be increased by injecting 
more sas until the pressure in the chamber forces fas out the 
entran-@ oY the duct. For a well designed diffuser this 

occurs when the static pressure in the chamber is high enough 
to overcomes the dynamic pressure of the entering stream. In 
the tests performed the ratio of chamber pressure to ambient 
pressure was limited to small valuss, which limited the optimm 
area ratio of the nozzle used to a still smaller value. The 
nozzle which give the best performance in the teats had an area 
ratio of only 1.26/l. 

In order to realize the potentialities of the hydroduct 
for hish speed pmpulsion, it appears that a means of obtaining 
high chanber pressures without forcing gas out the entrance 
must be devised. With a chamber pressure of 600 psi. and 
an ambient pressure of 20 psi., a de Laval nozzle with an 
area ratio of 4/1 would be about the optinun. If the necesary 
chamber pressure could be obtained, such a nozzle wuld probably 
give e sufficiently high exhaust velocity to obtain positive 


thruet considerably greater then that obtained at Lower chamber 
/ i 


pressuree 
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@ DATA FOR HYDROGH’) GAS A? 69° F 
~ AND WATER RATE OF 60.9 Ft/sec. 


S Ax 10° an (Isothermal) @m (Adfabatic) U4 
ft/sec. ft/sec. '£t/sec. 
273 242 62.5 97.5 86.0 
~o61 eSl2 75.0 &9.0 87.4 
-603 2535 70.0 83.0 91.0 
1.060 0950 — 68.0 80.5 $8.4 
1.080 - 960 67.7 60.3 98.7 
1.500 1.350 69,5 82.3 104.0 
22140 1.900 Teel €5.5 114.0 
2.330 2.070 74.2 87.8 116.0 
4.180 3.720 86.0 102.0 158.0 
6.750 6.000 100.0 119.0 164.0 
9.000 7.200 107.0 126.0 186.0 


an = Gg yer LL te * | for Isothermal case 
r | dm = ag\) AA L I+ § for Adiabatic case 


fg = \ (1.40) OYESHiam8) (a4) = 4250 ft/sec. for e | gas 
: at 59 


= 1140 ft/sec. for y. 


Me = \} (1.40)(1718) 29 (519) 
28 at 590 F. 


DATA FOR NITROGEN GAS AT 69° F ~~ 
AND WATER RATE OF 80.9 ft./sec. : 


S Ax 10° @m (Isothermal) @m (Adiabatic) 
293 3.7 82 ho 97 -*. 
314 3.9 78 92.3 . 
450 5.6 73 86.6 
.470 5.8 72.8 85.8 
.600 7.4 69.6 82.6 
1.00 2.5 68.0 80.5 
1.44 8.0 68.5 81.0 
2.12 6.4 73.1 86.5 











Gas Reg. 
Evevmie 
H gas 
2 
20 
144" Exit 40 
Diameter 60 
Ho Exp. 80 
Nozzle 100 
2" Copp.tubes 120 
Small Holes 
gas 20. 


Expelozele | 40 
1.44 to 1.75 60 
20 Coop. tub. 80 
Small Holes 100 


120 
140 
Ho gas 40 
1.44 "hixit 60 
Diameter 80 
Ho, Exv. 100 
Nozzle 180 
4" Copn. Fubes 
Small Holes 
40 
5 GAs 60 


ee Hozzle 80 
1.44 - 1, 62 150 
+" Conn. fudes 200 
Small Holes 300 


Ges 
lbs/ 


pe = t= [oP 
002415 


00296 
00385 
00493 
00655 
- 00896 


000762 


00253 
~ 00370 
00522 
~00714 
00787 
00940 


Water 
Lbs / 


16.67 
16.67 
16.67 
16.67 
16,67 
16,67 


| Drag 
ibs. LOSe 


al.5 |. 


21.5 
21.5 
21.0 
21.0 


21.0 — 


et 


Fhrast 
lbs. 


~1.2 
- .6 
+ 20 
71,0 
71.6 
e220 










U eff. 
St /ZEC. 


81,900 
45,600 

2,600 
37,700 
31,600 
24, 400 


198,000 
130,000 
124,000 
101,000 
86, 000 





23,200 
25,200 
21, 000 
16, 900 
12,850 
10, 200 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 7 
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Fig. 8 
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Fig. 9. 
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Fig. 12 
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Fig. 13 
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FIGURE 14. FIRST DESIGN, LOW FLOW RATE 
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FIGURE I6. EXIT SECTION SHOWING DISTRIBUTION OF GAS 
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FIGURE 17. EXHAUST STREAM 
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FIGURE 18. SECOND DESIGN, WATER FLOW ESTABLISHED 
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FIGURE 19. SECOND DESIGN , MIXTURE OF GAS AND WATER 
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